To evaluate whether ␤-zone parapapillary atrophy (PPA) is associated with the rate of retinal nerve fiber layer (RNFL) thickness change as assessed by trend-based analysis using time-domain optical coherence tomography (OCT). METHODS. This retrospective cohort study included 202 glaucomatous eyes that were observed for Ն3 years with serial OCTs and stereo disc photographs. Subjects were divided into two groups according to the presence (n ϭ 144) or absence of ␤-zone PPA (n ϭ 58). The rates of progressive thinning in global, quadrant, and clock-hour OCT RNFL thicknesses were determined using linear regression and compared between groups. Logistic regression analysis was used to determine the factors associated with the rate of global RNFL thinning. RESULTS. The mean rate for global RNFL thinning over time was Ϫ1.03 Ϯ 1.50 m/year. Eyes with ␤-zone PPA showed a significantly faster rate of RNFL thinning than did eyes without ␤-zone PPA in the inferior quadrant and 7 o'clock sector (values of P Ͻ 0.0029). Multivariate analysis showed significant influence of the presence of ␤-zone PPA and the percentage increase in the PPA to disc area ratio during the follow-up on the rate of OCT RNFL thinning (odds ratio [OR], 3.314, P ϭ 0.007; OR, 2.894, P ϭ 0.003, respectively). A possible relationship between ␤-zone parapapillary atrophy (PPA) and glaucoma progression has been investigated for almost two decades.
A possible relationship between ␤-zone parapapillary atrophy (PPA) and glaucoma progression has been investigated for almost two decades. [1] [2] [3] [4] [5] [6] [7] [8] The presence, 4,5,9 -11 size, 2-4,9,10 and enlargement of ␤-zone PPA [12] [13] [14] have been demonstrated to be associated with glaucoma progression. Among the features of PPA, breakdown of the blood-optic nerve barrier and/or reduced blood supply are considered to contribute to this association. 1, 6, 7 Until now, the relationship between ␤-zone PPA and glaucoma progression was evaluated, for the most part, by comparing the presence or area of PPA with standard automated perimetry. 2, 4, 5 Because functional progression and structural progression often are not observed to change similarly, a comparison of PPA with structural glaucoma progression is also of interest.
Optical coherence tomography (OCT) has been shown to be capable of documenting and measuring progressive glaucomatous retinal nerve fiber layer (RNFL) atrophy. 15 Budenz et al. 16 reported intersession test-retest variability of approximately 7 m for the global RNFL thickness, measured by time-domain OCT (Stratus OCT; Carl Zeiss Meditec AG, Jena, Germany), and suggested that an 8-m decrease in the respective value might be considered as the criterion to define the significant RNFL loss. Our group also reported similar testretest variability and demonstrated that the stratus OCT software detects progressive RNFL atrophy with high sensitivity and moderate specificity, using event-based analysis in cases showing localized progressive RNFL loss in red-free photographs. 17 Studies demonstrated that trend-based analysis could also be performed using the OCT measured RNFL thickness to evaluate glaucoma progression. Such analysis allowed measurement of rate of change in RNFL thickness in glaucoma patients 18 and was able to discriminate eyes progressing by visual fields or optic disc photographs from eyes that remained stable. 19 It has also been shown that analyzing the RNFL may be advantageous for evaluating glaucoma progression compared with optic disc examination. 20 More recently, we reported the performance of OCT-based trend analysis to detect progressive RNFL thinning identified with red-free photography. 21 The rate of RNFL thinning was significantly faster in progressors than that in nonprogressors, with the best parameter showing sensitivity of 62% at a specificity Ն 80% to detect progressive RNFL thinning, only a moderate performance.
The purpose of the present study was to evaluate whether the presence, size, and the increase of ␤-zone PPA are associated with the rate of RNFL thickness change as assessed by trend-based analysis of OCT RNFL thickness.
METHODS
This study was a retrospective cohort study. The patient database of Seoul National University Bundang Hospital was screened for patients with primary open angle glaucoma who were observed for Ն3 years with serial OCTs and stereo disc photographs, and the patients who were eligible for the study were consecutively enrolled. This study was approved by the Seoul National University Bundang Hospital institutional review board and conformed to the Declaration of Helsinki.
Before the study, all patients underwent complete ophthalmic examinations, including visual acuity assessment, refraction test, slitlamp biomicroscopy, gonioscopy, Goldmann applanation tonometry, and dilated stereoscopic examination of the optic disc. They also underwent central corneal thickness measurement (Orbscan II; Bausch & Lomb Surgical, Rochester, NY), stereo disc photography, OCT, and standard automated perimetry (Humphrey Field Analyzer II 750; 24 -2 Swedish interactive threshold algorithm; Carl Zeiss Meditec Inc., Dublin, CA). The baseline intraocular pressure (IOP) was defined as the average of the two measurements before IOP lowering treatment was administered. Mean follow-up IOP measurement was obtained by averaging the IOP measured at 6-month intervals, and IOP fluctuation was determined using the SD of these values. 4 When patients underwent incisional glaucoma surgery or laser trabeculoplasty, the IOPs measured within 3 months posttreatment were not included in the calculation.
To be included, patients were required to have primary open angle glaucoma and have at least four serial OCT measurements (first and the last measurements separated by at least 3 years). Patients were excluded if they had a best-corrected visual acuity worse than 20/40, Ͼ6 diopters (D) of myopia, a history of any retinal disease, neurologic diseases, ocular surgery, or laser procedures other than cataract and glaucoma surgery, or the presence of any abnormalities including large PPA that affected the 3.4-mm scan ring where OCT measurements were obtained. The history of cataract extraction before the baseline examination was not an exclusion criterion but patients who received the cataract extraction during the study period were excluded because cataract extraction affects the signal quality of OCT scans and thus may influence the linear regression. If both eyes of the same patient were eligible, one eye of each patient was randomly selected.
Primary open angle glaucoma was defined as the presence of glaucomatous optic nerve damage (i.e., vertical cup-to-disc ratio of Ն0.7, or asymmetry Ն0.2, or the presence of focal thinning, notching, or a splinter hemorrhage) and an associated visual field defect without ocular disease or conditions that could elevate the IOP. A glaucomatous visual field change was defined as (1) outside a normal limit on the glaucoma hemifield test; or (2) three abnormal points with P Ͻ 0.05 probability of being normal, one with P Ͻ 0.01 by pattern deviation; or (3) pattern SD of 0.05 if the visual field was otherwise normal. The criteria were required to be confirmed on two consecutive tests.
␤-Zone Parapapillary Atrophy Area Measurement
PPA was defined based on stereo disc photographs that were acquired using a digital camera (EOS D60; Canon, Tochigiken, Japan) after maximal pupil dilation. Optic disc photographs were obtained, digitized, and transferred to a computer workstation and reviewed on a liquid crystal display monitor. The optic disc images were independently evaluated by two authors (EJL and TWK) who were masked in terms of patient clinical information.
First, each observer classified photographs into one of the two groups: eyes with ␤-zone PPA and eyes without ␤-zone PPA. Any discrepancy between the observers was resolved by consensus. Then, for the eyes with ␤-zone PPA, their baseline disc photographs were evaluated by one of the authors (EJL) who was masked to patient identity and clinical information. The outlines of the optic disc (inner border of Elschnig's scleral ring) and ␤-zone PPA (an inner crescent of chorioretinal atrophy with visible sclera and choroidal vessels) 22 were plotted using a mouse-driven cursor to trace the disc and PPA margins directly onto the image using ImageJ software (version 1.43u, developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html). Then the pixel areas of total optic disc and ␤-zone PPA were measured. The ␤-zone PPA area to disc area ratio (PDR) was obtained as the ratio of the ␤-zone PPA pixel area divided by the total optic disc pixel area. Changes in PDR were calculated by subtracting the follow-up value from the baseline value and dividing by the baseline.
Optical Coherence Tomography
Subjects were assessed using the peripapillary fast RNFL program (Stratus OCT; Carl Zeiss Meditec Inc.) after pupillary dilation to a minimum diameter of 5 mm. The same stratus OCT instrument was used for all testing sessions. The imaging lens was positioned 1 cm from the eye to be examined and adjusted independently until the retina was in focus. The internal fixation target was used because of its higher reproducibility. 23 Satisfactory quality was defined as: good centration on the optic disc and a signal strength Ն 6 (10 ϭ maximum). 24 -26 Data were analyzed using version 5.0 software. Using the fast RNFL program, RNFL thickness was determined at 256 points at a set diameter (3.4 mm) around the center of the optic disc three times during a single scan. These values were averaged to yield 12 clock-hour thicknesses, 4 quadrant thicknesses, and a global average RNFL thickness measurement (360°measure).
Statistical Analysis
Interobserver agreement in discriminating the presence or absence of ␤-zone PPA was evaluated using kappa statistics. According to Joseph L. Fleiss, 27 scores Ն 0.75, between 0.40 and 0.75, and Յ0.4 are termed as excellent, fair to good, and poor, respectively. Interobserver variability in measuring the PDR was assessed by estimating the intraclass correlation coefficient (ICC) and its 95% confidence interval (CI). To evaluate this, 50 randomly selected disc photographs of the subjects with ␤-zone PPA were assessed by two independent observers (EJL and TWK) and the ICC was calculated. Values close to 1 indicate high agreement between the observers.
Linear regression analysis against time was performed for the global average and the individual quadrant and clock-hour sector thicknesses in each subject. The slope of the regression equation represented the rate of change of RNFL thickness. The slopes for each measurement between the eyes having and not having ␤-zone PPA were compared using the independent-samples t-test and were adjusted to any differences between groups using a general linear model (GLM).
A fast progression rate was defined as having the rate of global RNFL thinning within the lowest quartile of the overall subjects. Logistic regression analysis was used to evaluate the influence of several factors (age, central corneal thickness, refractive error, baseline mean deviation [MD], baseline IOP, mean IOP measured at each follow up, IOP fluctuation, the presence of ␤-zone PPA, baseline PDR, and percentage increase in PDR during the follow-up) on a faster rate of global RNFL thinning first with the univariate model. Then, the variables that retained significance at P Ͻ 0.10 were included in a multivariate model as well as parameters that have been demonstrated to be correlated with the presence of PPA, such as the baseline MD and refractive error. 4, 22, 28, 29 The role of each variable was expressed in odds ratio (OR) and its 95% CIs.
Statistical analyses were performed using statistical analysis software (SPSS 17.0; SPSS Inc., Chicago, IL), and raw data were subjected to Bonferroni correction based on the number of comparisons within each analysis.
RESULTS
The study initially involved 265 patients who had been examined on at least four occasions by OCT. Of these, 63 patients were excluded because of visual acuity worse than 20/40 (n ϭ 12); Ͼ6 D of myopia (n ϭ 11); a history of retinal, neurologic diseases, or abnormalities affecting the OCT scan path (n ϭ 9); previous ocular or laser procedures other than glaucoma surgery or laser trabeculoplasty (n ϭ 6); and cataract extraction during the study period (n ϭ 25). Serial optic disc photographs of the remaining 202 eyes of 202 patients were reviewed. In all, 177 eyes had normal-tension glaucoma (untreated IOP Ͻ 22 mm Hg) and 25 eyes had high-tension glaucoma (untreated IOP Ն 22 mm Hg). Of these, ␤-zone PPA was observed in 144 eyes (71.3%). There was excellent interobserver agreement in assessing the presence of ␤-zone PPA (kappa ϭ 0.920). The mean ICC of observer-defined PDR was 0.997 (95% CI, from 0.997 to 0.998).
There was no difference between the eyes with and without ␤-zone PPA in the baseline characteristics except baseline average RNFL thickness. The baseline characteristics of the patients with and without ␤-zone PPA are shown in Table 1 .
In patients with ␤ -zone PPA, the mean initial and final PDR values were 0.47 Ϯ 0.30 (range, 0.08 to 1.98) and 0.51 Ϯ 0.32 (range, 0.08 to 2.15), respectively. The mean change in PDR during the follow-up period was 9.97% Ϯ 9.44% (range, Ϫ11.66% to 35.70%). Table 2 and Figure 1 show the comparison of the rate of RNFL thinning between the eyes with and without ␤-zone PPA. After adjusting for the baseline global RNFL thickness using a GLM, the rate of progressive RNFL thinning was significantly faster in eyes with ␤-zone PPA than that in eyes without it in the inferior quadrant and 7 o'clock sector (values of P Ͻ 0.0029; corrected for multiple comparisons, 0.05/17).
The mean rate for global RNFL thinning over time was Ϫ1.03 Ϯ 1.50 m/year. A faster rate of global RNFL thinning (the rate within the lowest quartile [26/202] ) of overall subjects) was defined as the rate of global RNFL thinning of Ϫ2.04 m/year. In a comparison of the global rate of RNFL thinning, there were more patients who showed faster rates of RNFL thinning in eyes with ␤-zone PPA (46 of 144) than in eyes without ␤-zone PPA (7 of 58; P Ͻ 0.001).
Risk factors for a faster rate of OCT RNFL thinning were older age (OR, 1.034; P ϭ 0.030), the presence of ␤-zone PPA (OR, 3.420; P ϭ 0.005) and percentage increase in PDR (OR, 3.059; P ϭ 0.001) in the univariate analysis ( Table 3 ). The multivariate analysis, which was performed including the variables with a value of P Ͻ 0.10 by univariate analysis (i.e., presence of ␤-zone PPA, percentage increase in PDR, and age), as well as those that have been demonstrated to be correlated with the presence of PPA (i.e., the baseline MD and refractive error), demonstrated that the presence of ␤-zone PPA and the percentage increase in PDR were significantly associated with faster global RNFL thinning (OR, 3.314; P ϭ 0.007; OR, 2.894; P ϭ 0.003, respectively) ( Table 3 ). The MD was marginally different between the eyes with or without ␤-zone PPA (Ϫ5.45 Ϯ 5.40 dB vs. Ϫ3.98 Ϯ 3.55 dB) at the end of the follow-up (P ϭ 0.080).
DISCUSSION
Our study demonstrates that ␤-zone PPA is associated with a faster rate of RNFL thinning as evaluated by OCT. These data add new information regarding the role of PPA in glaucoma progression and provide additional support for an association between PPA and glaucoma progression.
In the present study, the presence and the enlargement of PPA, as assessed by an increase in PDR, was associated with a faster rate of RNFL thinning. These data are consistent with previous findings. 4, 5, 9, 10, 13, 14 Association between the presence of PPA and glaucoma progression have been demonstrated in ocular hypertension 10 and open angle glaucoma. 4, 5, 9 In addition, Uchida et al. 13 and Budde and Jonas 14 demonstrated the association of PPA enlargement and glaucoma progression.
However, the present study found no association between the initial PDR and the rate of OCT RNFL thinning. This finding differs from that of previous studies where glaucoma progression was associated with initial PPA size or PDR. [2] [3] [4] 9, 30 Although the discrepancy may be attributable to factors including the different study populations with respect to ethnicity, type of glaucoma, differing definitions of PPA and the methods of measuring its area, and length of follow-up, it is notable that our study excluded patients with large PPA, which could affect the scan path of OCT. This exclusion should have eliminated the effect derived from very large PPA, thereby leading to a false-negative association. Indeed, both initial and final PDR values in our study (0.47 Ϯ 0.30 and 0.51 Ϯ 0.32, respectively) are smaller than those reported by Uchida et al. 13 (0.95 Ϯ 0.40 and 1.12 Ϯ 0.44, respectively).
It is notable that this result suggests that the presence of ␤-zone PPA might be a more important marker for glaucoma progression than the size of ␤-zone PPA. This is consistent with findings reported in the study by Teng et al., 4 where the presence of ␤-zone PPA was a stronger predictor of future visual field progression than the size of ␤-zone PPA (hazard ratio, 2.27 vs. 1.03, respectively). Once ␤-zone PPA has developed, it is possible that the ensuing, continued insult to optic disc results in a greater susceptibility to progression and thus the presence of ␤-zone PPA is relatively more important than its size. The rate of thinning at 7 o'clock and inferior quadrant were the only parameters that showed statistical significance. This result is in agreement with that of previous studies that 7 o'clock was the most frequent location that showed progression in RNFL thickness by stratus OCT, and that inferior average thickness measured by stratus OCT had the best performance to discriminate progressors from nonprogressors. 18, 19 Meanwhile, the group difference in the rate of RNFL thickness change was not significant at nasal sectors (from 1 to 4 o'clock) and temporal sector (9 o'clock). This result accords with the observation that glaucoma patients retain their temporal or central visual field until the end stage of the disease. 31 In the present study, no IOP-related factors, including baseline IOP, mean follow-up IOP, and the fluctuation of IOP, were associated with a faster rate of RNFL thinning. The absence of such associations had been reported in several studies. In the study reported by Prata et al., 32 the baseline IOP and the amount of IOP reduction were not risk factors for a faster rate of visual field loss after disc hemorrhage. In the study reported by Sung et al., 33 none of the IOP-related parameters including baseline IOP, mean 24-hour admission value, follow-up average, or follow-up IOP fluctuation, was associated with visual field progression. However, these data including ours are in contrast with data from many previous studies, 34 -41 where an association between IOP and glaucoma progression was found. The discrepancy between studies on the effect of IOP on glaucoma progression may be explained by variations in patient populations under study and IOP levels seen during follow-up. The majority (87.6%) of our study patients had normaltension glaucoma and all our patients were medically or surgically treated and maintained a relatively low mean follow-up IOP of 12.4 mm Hg. We believe that lowering of IOP is important to slow glaucoma progression. However, lowering IOP may not be equally effective in each individual glaucoma patient. Although it is evident that IOP is one of the strong risk factors for glaucoma progression, it may be possible that the absolute IOP level may be less important for the rate of progressive RNFL thinning in normotensive eyes, since low IOP could still be above the threshold of injury for individual optic nerve head tissue. 42 The baseline RNFL thickness was not related with a faster rate of RNFL loss in our study. Although it is generally acknowledged that baseline disease severity is related to further glaucoma progression, such observations are based on visual field analysis and may not be correct in all circumstances. For example, Leung et al. 18 reported that a higher baseline RNFL measurement was associated with an increased rate of RNFL reduction. This finding is in agreement with the curvilinear structure-function relationship observed in previous cross-sectional studies, suggesting that progression as measured by a decrease in RNFL thickness is more noticeable than is progression assessed by visual field measurements in patients with early-stage glaucoma, whereas the reverse is true when the disease is more advanced. 43, 44 Thus, the relationship between baseline status and rate of progression may vary, depending on the stage of disease in enrolled patients and the method used to evaluate progressive change.
Studies have shown that disc hemorrhage is associated with PPA. 45, 46 Because disc hemorrhage is a known significant risk factor for glaucoma progression, it is possible that the association of PPA with RNFL progression shown in the present study was mediated by more frequent disc hemorrhage in the PPA group. Due to the retrospective study design, however, the accurate frequency of disc hemorrhage and, thus, the influence of disc hemorrhage could not be evaluated. A prospective, longitudinal study is needed to address the influence of disc hemorrhage on glaucoma progression in eyes with PPA.
Although our data support the previous findings that determined the PPA as a risk factor for glaucoma progression, the result of the present study also validates the usefulness of trend-based approach of OCT RNFL thickness to monitor glaucoma progression. Our data show that OCT-based trend analysis is able to discriminate the eyes where the disease progresses faster, being associated with known risk factors for faster progression.
The MD was marginally significant between the groups at the end of the follow-up, whereas they were comparable at baseline. This finding indirectly suggests that the rate of visual field progression was faster in eyes with ␤-zone PPA, which is consistent with results reported in the study by Teng et al. 4 They reported a significantly faster rate of visual field progression in eyes with ␤-zone PPA than that in eyes without ␤-zone PPA. Taken together, both structural and functional evaluations indicate that ␤-zone PPA is a risk factor for faster glaucoma progression. However, the coexistence of the structural and functional progression may not be observed when evaluated in other study populations with different stages of disease because the change is often dependent on the stage of disease.
The present study has several limitations. First, we did not measure the PPA size in absolute units. Because of the retrospective study design, Heidelberg retina tomographic images were not available in many patients. Further, the patients did not receive keratometric readings and axial length measurement at each occasion of disc photography. Thus, it was not possible to correct the magnification factor in many patients. Nonetheless, we have shown that the increase in PDR is associated with structural glaucoma progression. Because optic disc size most likely is not changing, it is reasonable to consider that the change in PDR is derived from the increase of PPA. Thus, the result of our study may be interpreted to support earlier studies that demonstrated the association between the increase in PPA size and glaucoma progression. Second, patients were scanned using the same diameter scan ring without consideration of their disc size. This may affect the outcome because the RNFL thickness measurement can be affected by the disc size. [47] [48] [49] However, we measured the rate of change based on the measurement on the same location as closely as possible; thus, the effect of using the same diameter scan ring should be much less than when the measurement of RNFL thickness is used for diagnostic purposes, which is often the case in clinical practice.
In conclusion, the presence and enlargement of ␤-zone PPA were significantly associated with the rate of progressive RNFL thinning as measured by OCT. Detailed examination of PPA in glaucoma may enable the clinician to obtain clinically relevant information about the possibility of future glaucoma progression.
